Introduction
In the crops possessing the C3 photosynthesis path way, a substantial am ount of the carbon fixed is diverted to an oxidative cycle: photorespiration, a process which is interlocked with the carbon reduc tion cycle. Control of photorespiration has appeared as a potential mean for increasing crop productivity. Attem pts have been m ade to either chemically or genetically alter this process. Various chemicals have been offered for decreasing the magnitude of pho to respiration: hydroxy-pyridine m ethanesulfonate de rivatives [1] VO S 0 4 [7] , However, these chemicals interfered more or less specifically with one or several steps of the photorespiratory glycolate pathway, which resulted in alterations which were dem onstrated deleterious to the plant growth [8] .
Photorespiration is initiated by the oxygenase ac tivity of the bifunctional enzyme RuBP-carboxylase/ oxygenase or Rubisco [9] ; C 0 2 and 0 2 are com peti tive substrates for RuBP. Relative magnitude of oxy genase (photorespiration) and carboxylase (photo synthesis) functions can be kinetically described by the following equation:
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Vc and V'o are the Vmax values of the two activities, K c and K 0 are the K m values for C 0 2 and 0 2 and t, the stoichiometry between 0 2 taken up and the C 0 2 released in photorespiration. Any attem pts for chemically or mutigenically decrease photorespira tion would involve a significant change in this ratio. The Rubisco oxygenase activity is expected to be chemically "unavoidable" and would coincide with carboxylase activity. This "inevitability" does not necessarily imply that the velocity ratio cannot be changed, since the above m entioned chemicals (ex cept M n2+) were ineffective in such a change. The substrate specificity factor, representing these varia tions in term s of ratio between oxygenase to carboxy lase velocities, has been indeed shown to vary among species (e.g. [23] ).
This result was made possible by using an accurate and sim ultaneous determ ination of both activities.
We report the effect of a newly discovered chemi cal able to increase carboxylation reaction and there by change the substrate specificity factor.
Materials and Methods
E n zym e. Commercially available Rubisco was purchased from Sigma; PG A phosphatase-free enzyme was prepared as previously described [24] , Phosphoglycollate-phosphatase was purified by using a modified procedure [24] as described earlier [27] .
Chemicals.
O-p-nitrophenylhydroxylamine (N PH A ) was synthesized according to [25] and dis solved into ethanol-w ater solution (ketones and ethers solvent must be avoided). [1-3H ]R uBP was prepared by using pentose phosphate pathway with [2-3H]glucose as starting m aterial, as previously de scribed [24, 26] .
Separate determ ination o f Rubisco activities
Carboxylase. Enzymatic activity was determ ined by measuring [u C]Na H C 0 3 incorporation into acidstable fraction [28] after reaction with enzyme fullyactivated [29] by incubation for 5 min at 30 °C in Tris HC1, pH 8 50 m M , Mg Cl2 20 m M , [14C]Na H C 0 3 10 mM (18.5 GBq/mol). C 0 2 concentrations were calculated from added bicarbonate using a pKa value of 6.3. Special care was taken to ensure steady-state kinetics, non-limiting substrate conditions, and a lack of interaction between N PH A and ingredients of activation/reaction media, as well as maintaining the activated state of Rubisco. In this respect, DTT was not included in any medium (see Fig. 3a ).
Oxygenase. 0 2-consumption was measured using a Clark-type electrode [29] and the fully activated enzyme. C 0 2-free buffers (0.1 m Tris-HCl, pH 8.6, MgCl2 20 m M ) were bubbled either with C 0 2-free nitrogen or C 0 2-free 0 2. D ifferent 0 2 concentrations were obtained by mixing the two buffers [30] .
Simultaneous determ inations o f RuBP-carboxylase and oxygenase activities. Assays were carried out by using [14C]Na H C 0 3 (specific activity: 11.1 kBq/ ^imol, [13-H ]RuBP (specific activity: 4.07 kBq/^mol) with activated, PG A -phosphatase-free enzyme, ac cording to a modified procedure [24] described in [31] . Carboxylase activity was m easured by counting radioactivity of the acid stable [14C]PG A , whereas oxygenase was m easured by counting 3H incorpo rated into glycolate which was enzymatically derived from 3H-phosphoglycollate by using P-glycollate phosphatase.
Kinetics. K m and Vmax values were determ ined using a W oolf plot. Substrate specificity factor (SFF) was either calculated from E (1) or obtained from the slope of the relationship between reaction velocities ratio vc/v0 versus C 0 2 to 0 2 concentration ratio:
Titration o f SH -groups by D T N B . Free SH-groups of activated and non-activated native Rubisco were titrated with Ellm an's reagent (5,5'-dithio, bis-2-nitrobenzoate or D TNB) [32] . A non-limiting concen tration of DTNB was ensured by using a DTNB-to protein ratio of 500 to 700 (mol/mol of protein), and tested with a cysteine solution [33] .
C 0 2 exchange rates. C ER were measured with a differential IR-gas analyzer A N A R A D model AR-600, equipped with a Plexiglas clamp-on cuvette, that enclosed a 5 cm2-leaf area. Desired 0 2 concentra tions were delivered by gas tanks containing N2, 0 2, 355 ppm C 0 2.
Results and Discussion

R uB P -carboxylase kinetics
Vmax and K m values were determ ined from data obtained by varying the relative ratios between spinach enzyme. RuBP, C 0 2 and N PH A concentra tions and calculated from a Woolf plot. D ata are summarized in Table I . The values presented herein represent the average of replicates of the same assay with the same enzyme batch. Therefore, the differ ences between K m C 0 2, experienced in presence of 50 [xmol of N H PA , are highly significant. In other words, this means that the affinity of Rubisco for C 0 2 almost doubled with the chemical treatm ent.
The experim ental conditions are employed so that both substrates and N PH A concentrations are not limiting, and an absence of interaction between N PH A and RuBP is verified, which is a prerequesite for a correct estimation of inhibitors effect [38] . Consequently, it appears that, under a steady state kinetic situation, only K m s vary with N PH A without changes in Vmm values, as shown with double recip rocal plots (Fig. 1) .
This result suggests that N PH A treatm ent brings about a competitive stimulation of carboxylase activ ity. The perform ance of N PH A is dependant upon the ratio between enzyme and RuBP. Since the rea gents addition were properly ordered to prevent deactivation of Rubisco, influence of RuBP concen tration on activity had to be considered only in terms of the relative amounts of enzyme and substrate.
There is an optimal substrate concentration, which is pH -dependant [34] , which brings about a regula tion [35] through a mechanism involving protein con form ational changes [35] , Since it was dem onstrated that varying 0 2 concentration induced Rubisco con formational changes [37] as did RuBP [50] it can be expected that a defined enzyme/RuBP ratio results in a specific enzyme conform ation, leading in turn to a shift between oxygenase to carboxylase activity in the presence of N PH A . H ow ever, such a speculative mechanism needs to be further clarified.
In any case, such a ratio seems to correspond with the situation in vivo [39, 40] . Also, conditions in which R uB P/C0 2 ratio could becom e limiting [41] have been avoided in this study. H ow ever, a deter mination of carboxylase data obviously requires a careful evaluation of oxygenase kinetics.
Separate measurement o f R uB P-carboxylase!oxygen ase activities
Using the methodology m entioned in M aterial and M ethods carboxylase and oxygenase activities and kinetic param eters were separately m easured and re sults are presented in Table II . Furtherm ore, the ex perim ent was designed to check the possibility of an interaction of N PH A with activation state of the en zyme; consequently, 50 [j,m N PH A were added prior to activation, leading to a final concentration of 3.3 |im during catalysis. U nder these conditions, with a enzyme/RuBP ratio similar to that of RuBP-carboxylase assays (Table I) i.e. 3.8 x 10~3 an increase in Km 0 2 (Ka) and a decrease in Km C 0 2 (Kc) was observed, in the presence of N PH A , without sub stantial changes in F max. As a consequence the sub strate specificity factor k = Vcx KJV0 x Kc shifted from 53 to 63.5, corresponding to an increase of 19%, in favor of the carboxylase reaction. However, these results must be interpreted with care: as a m at ter of fact, consistent Km O? are difficult to obtain, whereas oxygenase velocities does not seem to follow Michaelis kinetics, as shown by non-saturating rates at 100% 0 2 [42], M oreover, although steady state requirem ents are met, experimental constraints im posed by a separate m easurement of both activities implies different reaction conditions. Also, the re sults presented in this case correspond only to a sin gle experim ent. Consequently, a reliable evaluation of changes imposed to Rubisco function by N PH A needs to be carried out with a simultaneous m easure m ent of carboxylase and oxygenase activities. . 
Vc-K0 k = --------
V0-Kc
Sim ultaneous determination o f PG A-phosphatasefree R u B P carboxylase!oxygenase
By using [1-3 H]RuBP and 1 4 C 0 2 as substrates for Rubisco, simultaneous velocities were measured in the presence and absence of N PHA; results are sum m arized in Table III . In comparing carboxylase and oxygenase activities, N PH A strongly alleviates 0 2 -inhibition of carboxylase whereas the product partly decreases 0 2-enhancement of oxygenase. However, experim ental conditions were such that carboxylase activity was in fact relatively favored as com pared to oxygenase. First, pH and Na H CO3 concentration prom ote more carboxylase activity than oxygenase, as evidenced by a ratio of 1 0 :1 , whereas under nor mal atm ospheric conditions at 20% 0 2, 25 °C, this ratio was reported to be approximatively 4:1 [10] . In these conditions, N PH A performs less as com pared to data shown in Table I . Second, since 50 fiM N PH A was introduced in the activation medium, the pro duct is diluted in the reaction medium. A t the final concentration of 3.3 ^im in this experim ent, the N PH A had only a limited effect on the carboxylase activity (Table II) .
E quation (1) suggests that reducing photorespira tion to increase photosynthesis should be done either by increasing Vc, K 0 or C 0 2, or by decreasing VQ, K c or 0 2, in order to alter the relationship between the two processes; this relationship is conveniently ex pressed by the substrate specificity factor (SSF), and given by the slope k of the relation:
The results presented in Table IV, indicate that N PH A induces a shift of the k value from 71.3 to 82.7, thus increasing carboxylation reaction as com pared to the oxygenase reaction. Furtherm ore, Table III emphasizes 0 2 effects on carboxylation (inhi bition) and oxygenase (stimulation): N PH A clearly suppresses 0 2 toxicity towards carboxylase whereas it decreases 0 2-induced oxygenase stimulation. sponding to a rate of 60 g active ingredient/ha, were treated at the early-floweringstage. 24 h after treat m ent, C E R were m easured on different trifoliates, with a gas containing various 0 2 concentrations, flushed into the leaf cuvette and corresponding to 2% , 21% and 41% , respectively. Typical CER meas urem ent is exemplified on Fig. 2 for one of the treat ed intact leaves, and expressed as a mean of 5 repli cations (insert). Dixon plot presented on Fig. 2 shows that at 2 % 0 2, no differences can be seen between treated and control leaves, whereas at 2 0 and 40% 0 2, a stimulation of C ER , increasing with 0 2 concentration, is experim ented. Conceptually, a D ixon's plot should display a competition between the two phenom ena, when the straightlines intersect behind the ordinate axis; this is not the case here, simply because at 2 % 0 2, there is no differences among C E R values between treated and untreated leaves. However, the results presented herein, strongly support that 0 2 inhibition imposed on photosynthesis is largely released by N PH A , giving further support for a in vivo reduction of photorespi ration. In preliminary experiments, it was dem onstrated that D TT can interact with N PH A (Fig. 3) , bringing about an increase in absorbance at 400 nm and a decrease at 317 nm, as did cysteine but not cystine. This result suggests an interaction of N PH A with free SH-groups. W hen 50 p,M N PH A is added to Rubisco, the same change is observed (Fig. 3b) , in dicating a possible reaction of the chemical with the enzyme. Consequently, free SH-groups of the non activated and activated Rubisco were titrated with DTNB in the presence and absence of N PH A ; re sults are presented in Table V clearly reacts with SH groups of either cysteine or Rubisco, and a strict stoichiometry cannot be calcu lated between N PH A , free-SH groups of Rubisco and enzyme concentration, the binding of NPHA with a cysteine residue of the enzyme, together with chemically-induced conformation changes can pre sumably account for the observed effects. The im portance of SH groups for Rubisco activation and catalysis has been suggested [37] and also proposed 
Conclusion
O-p-nitrophenylhydroxylam ine (NPHA) in creased Rubisco affinity to C 0 2, as shown by a de creased K m C 0 2, without significantly increasing and even by decreasing the affinity for 0 2. As a conse quence, the ratio between carboxylase to oxygenase activity was changed in favor of C 0 2 uptake, as dem onstrated with substrate specificity factors. The im pact of Rubisco deactivation during the time course of catalysis, a notorious pitfall in the field, can be conveniently minimized by measuring sim ultane ously carboxylase/oxygenase activities, using [1-3H ]R uB P and 14C 0 2 as substrates, leading to a cor rect evaluation of the velocity ratio and subsequent substrate specificity factor.
Hydroxylam ine (H A ) has been shown to interfer with Rubisco [19, 20] although specific inhibition of RuBP-oxygenase was questioned [46] . H A was shown as a 0 2-radical scavenger [47] , thus suggesting the involvement of monovalent reduced oxygen in Rubisco activation. Also, HA blocks photosynthetic 0 2 evolution by chelating Mn:+, and probably other divalent metallic cations [48] . N PH A , a hydroxylamine derivative, effective at micromolar concentra tions, appears therefore to be a more specific and more active com pound, as compared to HA.
Reactivity of N PH A with SH-groups indicated that the com pound may act either through direct in teraction with some Rubisco free SH-group, or by inducing conform ational changes, or both. The pres ence of a cysteine residue near the catalytic center suggests its involvement in the mode of action of N PH A , as proposed for glycidate or iodoacetamide [22] , or for the role of sulfhydryl groups in activation by 0 2 [49], Reactivity of N PH A towards SH-group may throw some doubt on the specificity of this product due to potential interferences with other SH-enzymes. Also, the relative instability of hydroxylamine de rivatives and their sensitivity to various groups, such as ketones, ethers, carbonyles, e tc ..., and dependance on specific RuBP/enzyme ratios, would prob ably limit their use under in vivo situations.
Limited but significant effects of N PH A on car boxylase/oxygenase activity ratio, together with con form ational changes induced by the product, dem on strate that control of photorespiration is indeed feasable. Furtherm ore, an in vivo relief of photosyn thesis 0 2 inhibition strongly support evidence for a potential reduction of photorespiration as a mean for increasing C ER . M ore information will be required regarding the exact mode of action of NPH A , includ ing characterization of the putative specific binding, conform ational changes of Rubisco as well as the region of interaction on the enzyme, role on sub units, e t c ... In turn, this approach will give some clues to chemically or genetically manipulating oxygenase/carboxylase ratio.
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